INTRODUCTION {#SEC1}
============

DNA methylation at cytosine residues in the mammalian genome plays an important role in gene expression and development. Methylated CpGs in the promoter are thought to suppress the binding of transcription factors, thus controlling gene expression. Discovery of several repressor proteins that bind methylated DNA, specifically methyl-CpG binding domain (MBD) proteins, have been shown to relay the methylation information into appropriate functional state of the chromatin. The precise spatial and temporal regulation of gene transcription by appropriate DNA methylation is of vital importance during mammalian development, including X-chromosome inactivation, and genome stability ([@B1],[@B2]). DNA methylation patterns are faithfully inherited during both mitosis and meiosis. Genome wide studies have demonstrated that while some CpG regions are stably methylated, a small number of CpGs remain dynamically methylated. These regions are speculated to play a major role in controlling the transcription network of the cells ([@B3]). Failure to target and preserve methylation of the correct DNA sequence often results in aberrant DNA methylation, which is a hallmark of cancer ([@B4]). In cancer cells, although the genome is hypomethylated in general, a large number of tumor suppressor genes are hypermethylated and transcriptionally silenced ([@B5],[@B6]).

Responsibility of maintaining the correct methylation pattern lies with the DNA (cytosine-5) methyltransferases (DNMTs), a family of proteins including DNMT1, DNMT3A and DNMT3B ([@B7]). Studies in the past have discovered a number of facilitator proteins that are required for the maintenance of DNA methylation. Loss of these proteins, for example DNMT3-like protein (DNMT3L), ubiquitin like containing PHD and RING finger domain protein 1 (UHRF1), and CXXC finger protein 1 (CFP1) lead to hypomethylation of the genome ([@B8]--[@B11]). Studies on methylation preservation by DNMT1 demonstrated its recruitment to the replication fork by proliferative cell nuclear antigen (PCNA) and specifically to hemimethylated site by UHRF1 ([@B8],[@B11],[@B12]). Thus, cooperation between DNMT1 and UHRF1 at the site of DNA replication is a crucial event for epigenome inheritance. Apart from protein partners, RNAs are also shown to be modulators of DNA methylation by direct binding to DNMTs ([@B13],[@B14]).

Another layer of surveillance of DNA methylation inheritance comes from post-translational modification of DNMTs, specifically on enzyme stability and/or activity in the cells ([@B15]--[@B17]). Protein phosphorylation is crucial in many cellular processes that can control protein--protein interactions, enzymatic activities, and subcellular localization ([@B18]). It also creates binding site for a family of protein known as 14-3-3. The family of 14-3-3 represents seven different types encoded by different genes in mammals. The main feature of the 14-3-3 proteins is their ability to bind a multitude of functionally diverse signaling proteins, including kinases, phosphatases, and transmembrane receptors. Phosphorylation of Cdc25C by CDS1 and CHK1 creates a binding site for 14-3-3ϵ type, and this results in sequestering of phosphorylated Cdc25C in the cytoplasm and preventing it from interacting with CycB-Cdk1 that are in the nucleus during G2/M transition ([@B19],[@B20]). Furthermore, phosphorylation mark on histone H3S10 is read by 14-3-3 that facilitates transcriptional activation in collaboration with H3K9 and H3K14 acetylation during cell cycle ([@B21]). Thus, 14-3-3 reader proteins participate in both cellular signaling processes and epigenetic gene regulation.

During the DNA synthesis phase of the cell division, DNMT1 is needed to copy methylation pattern from the parental strand onto the newly synthesized daughter strand. The majority of the replication machinery-associated DNMT1 is phosphorylated by AKT1 kinase at the Ser143 ([@B15]). The phosphorylated species appear to be resistant to ubiquitin-mediated degradation. After S phase, DNMT1 is methylated at the adjacent Lys142 by the protein lysine methyltransferase SET7, and either subsequently ubiquitinated for degradation by proteasome pathway ([@B22]) or recognized by a methyl-reader protein PHF20L1 to localize DNMT1 in the perinucleolar space ([@B23]). Moreover, overexpression of PHF20L1 abolished ubiquitination of DNMT1Lys142me1 ([@B23]), suggesting the fate of DNMT1 strongly depends on the interplay between the writers (AKT1, SET7) and the methyl reader (PHF20L1) that interact with DNMT1 Lys142-Ser143 sequence. Therefore, further understanding of the dynamic interaction between reader, writer and eraser in DNMT1 function and stability is warranted. Here we show a phosphorylation reader protein, 14-3-3, which recognizes phosphorylated Ser143 in DNMT1, resulting in inhibition of DNMT1 activity, aberrant DNA methylation and cell invasion.

MATERIALS AND METHODS {#SEC2}
=====================

Protein-domain peptide arrays {#SEC2-1}
-----------------------------

Biotin-labeled DNMT1pSer143 peptides were bound and detected by a protein-domain microarray as described previously ([@B24]). For this study, a new protein domain microarray was generated harboring GST fusion proteins/protein domains consisting of 86 different phospho-serine/-threonine binding motif. The protein-domain array contains GST fusions of WW, FF, 14-3-3, FHA, and BRCT domains, as well as POLO boxes (Supplementary Figure S1A).

Cell culture, treatment and stable clone generation {#SEC2-2}
---------------------------------------------------

HEK293, NIH3T3, COS7 and HeLa cells were cultured in DMEM media supplemented with 10% serum. 14-3-3 isoforms were cloned into p3xFLAG-CMV-10 vector (Sigma-Aldrich). NIH3T3 stable cell line overexpressing 14-3-3 isoforms were generated by selecting the cells transfected with 14-3-3 constructs in 800 μg/ml of G418. After a week in culture, single colonies were picked up and verified by western blotting using anti-FLAG antibody.

For 5mC rescue experiment, EP10 and EP12 clones were transfected twice with a plasmid encoding for Ds-Red-DNMT1 using Fugene HD (Active Motif).

Cell synchronization experiments were performed using the double thymidine method. Cells were treated with two rounds of 2 mM thymidine for 16 h with 1× phosphate bufferedsaline (PBS) wash between both treatments and release into fresh media for 8 h. After the second thymidine treatment, cells were washed with 1× PBS and sampling was done at desired time points up to 24 h. Cell cycle progression was monitored using anti-Cyclin A antibody (sc-751, Santa Cruz Biotechnology).

GST-pull down assays {#SEC2-3}
--------------------

14-3-3 isoforms were cloned into the pGEX-5X-1 vector (GE Healthcare) and GST-tagged proteins were purified using Glutathione Sepharose beads (GE Healthcare). Sepharose beads containing 10 μg of 14-3-3 protein were incubated with 500 ng of recombinant baculovirus expressed DNMT1, which is phosphorylated at the Ser143 site ([@B25]). Protein bound to the beads was resolved by SDS-PAGE. DNMT1 was visualized by western blotting and bound protein was quantified by densitometry. In some cases, different amounts of DNMT1 were pre-incubated with protein phosphatase (PP1) (New England Biolabs) for 1 h per the manufacturer\'s instructions and then pulled-down by GST-14-3-3.

A N-terminal fragment of DNMT1 (1--446) tagged with GST was overexpressed in *E. coli* and purified as described previously ([@B22]). GST-DNMT1 (1--446) was phosphorylated by AKT1 (14-627, Millipore) with or without ATP. Then different amounts of recombinant 14-3-3 with a MBP tag were pulled-down by GST-DNMT1 fragment. GST-DNMT1 fragment and 14-3-3 were detected by western blotting using antibody recognizing DNMT1pSer143 and MBP tag, respectively.

For DNMT1pSer143 dephosphorylation protection assays by 14-3-3, different amounts of DNMT1 were pre-incubated with GST-14-3-3 followed by the addition of PP1 (New England Biolabs). Residual DNMT1pSer143 was detected using an anti-serum specifically recognizing DNMT1pSer143 (New England Biolabs). For *in vivo* assays, COS7 cells were co-transfected with plasmid encoding for DsRed-DNMT1, FLAG-14-3-3ϵ and Myc-MirAKT.

DNA methyltransferase assays {#SEC2-4}
----------------------------

DNA methyltransferase assays were carried out as described previously ([@B25]). For on-bead DNMT1 inhibition assays, saturating amount of sepharose beads bound to either GST or GST-14-3-3γ were incubated overnight with end over end rotation at 4°C with purified DNMT1 or DNMT1Δ580. Following this, methylation reaction was performed using hemimethylated substrate and tritiated AdoMet for 30 min at 37°C. For methylation assays using crude cell extract, 10 μg of crude extract was incubated with 100 ng of hemimethylated DNA in the presence of 1 μg RNase A for 30 min. Filter disc method was used to process the samples and the \[^3^H\]CH~3~ incorporated into the DNA was determined using liquid scintillation counter.

Immunoprecipitation and immunofluorescence {#SEC2-5}
------------------------------------------

Immunoprecipitation and immunofluorescence were carried out as described previously ([@B26],[@B27]). For the co-IP of DNMT1 and 14-3-3 in HEK293 cells, 100 μg of the nuclear extract was incubated with 2 μg anti-DNMT1 antibody (sc-20701, Santa Cruz) or anti-14-3-3γ antibody (sc-398423, Santa Cruz). IP reactions were blotted with anti-DNMT1 (M0231S, New England Biolabs), anti-14-3-3γ (5522S, CST) and anti-14-3-3ϵ (9635S, CST) antibodies as per the manufacturer\'s dilution recommendations. Co-IP of 14-3-3ϵ with DNMT1 in NIH3T3 stable cell lines overexpressing 14-3-3ϵ was carried out using the anti-FLAG antibody (F3165, Sigma-Aldrich). IP reactions were blotted with anti-DNMT1 antibody (sc-20701, Santa Cruz) or the same anti-14-3-3 antibody as those used in the HEK293 experiment. Normal IgG was used for control in all IP reactions. For immunoprecipitation of 14-3-3 from synchronized EP12, cells cross-linked with formaldehyde were sonicated and centrifuged to obtain supernatant containing soluble DNMT1. Five hundred microgram of this supernatant was incubated with 10 μg anti-FLAG antibody (F3165, Sigma). IP reactions were blotted with anti-DNMT1 antibody (ab87654, Abcam) and anti-14-3-3ϵ (9635S, CST).

For the detection of DNMT1 and 14-3-3 colocalization, COS7 cells were grown on coverslips and co-transfected with DsRed-DNMT1 and 3xFLAG-14-3-3 plasmids. DsRed-DNMT1 was visualized with an excitation wavelength of 594 nm, epitope tagged 14-3-3 was detected by mouse anti-FLAG antibody (F3165, Sigma-Aldrich) and visualized with an anti-mouse IgG coupled with Alexa Fluor 488 dye (Molecular Probes). In some cases, cells were co-transfected with DsRed-DNMT1S143A and CFP-14-3-3 isoforms. For the detection of DNMT1pSer143, cells were incubated with anti-serum recognizing DNMT1pSer143 (New England Biolabs) and visualized with an anti-rabbit IgG coupled with Alexa Fluor 488 dye. CFP-14-3-3 was visualized with an excitation wavelength of 405 nm. DNMT1pSer143 anti-serum (1/10000 dilution) blocked with DNMT1pSer143 peptide served as a control. DAPI was used for nuclear staining.

Gene knockdown using siRNA {#SEC2-6}
--------------------------

For 14-3-3ϵ gene knockdown, HeLa cells were transfected with 30 nM of esiRNA (EHU105911, Sigma-Aldrich) or control esiRNA targeting EGFP (EHUEGFP, Sigma-Aldrich) for 48 h. RNAiFecT was used as a transfection reagent according to manufacturer\'s recommendations (Qiagen).

Global 5mC level quantification {#SEC2-7}
-------------------------------

One microgram genomic DNA was denatured at 98°C for 3 min, incubated on ice for 3 min and digested to single nucleosides using 1 μl of a proprietary blend of nuclease(s) and phosphatase(s) (New England Biolabs) in 80 μl volume at 37°C overnight. 5mC was quantified using LC/MS as described previously ([@B23]).

Genome-wide DNA methylation analysis {#SEC2-8}
------------------------------------

Genome-wide DNA methylation analysis was carried out using the Reduced Representation Bisulfite Sequencing method ([@B28]). 1 μg of genomic DNA from stable clones overexpressing 14-3-3ϵ or control vector was digested with MspI, end-repaired and dA-tailed according to manufacturer\'s conditions (New England Biolabs). Methylated NEB Illumina loop adaptor was ligated to the digested DNA (E7370S, New England Biolabs). Ligation product was size-selected for 150--400 bp fragments on 2% agarose gels and bisulfite converted using the EZ DNA Methylation Kit (Zymo Research). Libraries were enriched by PCR using EpiMark Hot Start Taq DNA Polymerase (New England Biolabs) and sequenced on the Illumina GAII platform with 72 bp paired-end reads. Libraries were made and sequenced using two independent clones.

Adaptor and low quality sequences (Phred score \< 20) were trimmed from RRBS reads using the trim_galore package (<http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/>) with the parameter of -RRBS -paired. Reads were mapped to the mouse reference genome mm10 using Bismark with Bowtie2 ([@B29]). CpG methylation was extracted from uniquely mapped reads using Bismark methylation extractor with the parameter of -p --no_overlap. Differential methylation analysis was carried out using the methylKit package ([@B30]), where logistic regression test was implemented on single CpG sites or genomic region sliding windows (window size 5 kb, step size 5 kb). The p-value of differential methylation test was corrected to *q*-values using the sliding linear model method. CpG sites or genomic regions with *q*-values \< 0.01 were considered significantly differentially methylated.

Differential methylation analysis on genomic elements {#SEC2-9}
-----------------------------------------------------

Differential methylation on gene elements (−5 kb of transcription start site (TSS)∼ +5 kb of transcription termination (Ter), promoter, 5′ UTR, coding exon, intron, 3′ UTR) was calculated using a fixed-length bin method. Briefly, the coordinates of the gene elements were downloaded from the UCSC refseq table, significantly differentially methylated CpG sites obtained from methylKit were mapped to the gene elements using BEDTools ([@B31]), and then the elements were divided into 30 equal-length bins. The CpG methylation value of each bin was calculated by taking the median of methylation level of all CpG sites in that bin.

Tracks for mm10 repetitive elements and CpG islands were downloaded from UCSC table browser. Promoter (−2 kb ∼ TSS), gene body, terminator (transcription termination site ∼ +2 kb) and desert CpG islands were obtained by intersecting the CpG island track with those gene elements in the refseq table. Differential methylation on repetitive elements and CpG islands were calculated using the same method as that of gene elements.

RNA-seq analysis {#SEC2-10}
----------------

RNA-seq libraries were constructed using the NEBNext^®^ Ultra™ Directional RNA Library Prep Kit (New England Biolabs) per the manufacturer\'s instructions. Average insert size of libraries was 200 bp. Libraries were sequenced in 76 bp paired-end read mode on the Illumina NextSeq 500 platform.

Sequencing reads were mapped to mm10 using TopHat2 (−r 60 --library-type fr-firststrand) with a known transcriptome file supplied (UCSC 23 May 2014) ([@B32]). The number of reads mapped to each known gene were counted using htseq-count tools (−t exon −s reverse −i gene_id) and analyzed with DESeq2 ([@B33],[@B34]), where a negative binomial generalized linear model test is implemented on raw counts. The p-value of differential expression was corrected using Benjamini-Hochberg adjustment method and adjusted *P*-value was obtained. Genes with adj *P*-value \< 0.01 were considered significantly differentially expressed. Sample distance was calculated using Euclidean distance on the rlog-transformed counts. Heatmap were generated using the *Z*-scored-transformed rlog values of significantly changed genes.

Gene ontology analysis was carried out using the AmiGO 2 tools ([@B35]). Multiple comparisons were corrected using Bonferroni correction.

Correlation of DNA methylation and gene expression change {#SEC2-11}
---------------------------------------------------------

Differential methylation analysis was carried out in the context of promoter (−2 kb ∼ TSS) and gene body using methylKit, where all CpG sites in the promoter or gene body region commonly covered by the control and epsilon libraries were added up and subjected to logistic regression test. Only genes with significant expression change (adj *P*-value \< 0.05) and significant methylation change (*q*-value \< 0.05) were included in the association studies. Log~2~ fold changes in gene expression were correlated to differential methylation value using Spearman\'s rank correlation. The correlation efficient and *P*-value were calculated using the cor.test function in R. When plotting the correlation data, a linear regression curve was also drawn.

Correlation studies were also carried out on representative genes. The normalized read coverage in RNA-seq (RPM, read per million) and methylation level of significantly methylated CpG sites was visualized using the Gviz package from the Bioconductor repository.

For correlation of 14-3-3 expression and DNA methylation in breast cancer, level 3 data of RNA-seq Ver2 and Illumina Infinium 450K array of 896 patients were retrieved from TCGA (<http://cancergenome.nih.gov/>, Breast Invasive Carcinoma). The methylation level of CpG sites (beta value) was mapped to different genomic elements, such as CpG island, LINE, SINE, LTR and satellite. The average beta value of all mapped CpG sites was calculated and used as the CpG methylation level of an individual patient. The 14-3-3ζ expression levels (measured in transcripts per million, TPM) in each patient were correlated with the CpG methylation level using Pearson correlation.

Quantitative PCR analysis of gene expression {#SEC2-12}
--------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen) from NIH3T3 clones overexpressing 14-3-3ϵ or control vector. One microgram of total RNA was reverse transcribed to cDNA using ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs) and 40 ng cDNA was subjected to real-time PCR analysis using SYBR Green Supermix (Bio-Rad). The following primers were used: Cxcl12_F ACCAGTCAGCCTGAGCTACC, Cxcl12_R TAATTTCGGGTCAATGCACA; Synpo_F TCCTTCTCCACCCGGAAT, Synpo_R AGGGGGACATTGGTGGAG; Rgcc_F AGCGCCACTTCCACTATGAG, Rgcc_R CTGGAGAGGAGTTGGTTGGA; Dnaja4_F GACCCTGGCGATGTGATAAT, Dnaja4_R CTTCAGGTCCCCATGCTTTA; Zhx1_F TGTGAAGCGGAAGCTTTCTAA, Zhx1_R TTGGCACAACATCAAGTTCC; Thbs1_F CGTTTACAACGTGGACCAGA, Thbs1_R CGAACAGGCCTAGTCTACCG; Gapdh_F TGATGACATCAAGAAGGTGGTGAAG, Gapdh_R TCCTTGGAGGCCATGTAGGCCAT. Gene expression change was calculated using the 2^−ΔΔCt^ method.

Cell invasion assay {#SEC2-13}
-------------------

Invasiveness of the clones was evaluated by performing cell invasion assay using the Cultrex 3D Spheroid Cell Invasion Assay Kit (Trevigen) as per manufacturer\'s protocol. Briefly, control (3T3, C1, C2, C3, and C4) and 14-3-3 epsilon clones (EP1, EP3, EP10, EP11, EP12) were plated at a density of 3000 cells per well in 100 μl of 1× spheroid formation matrix (prepared in culture media) in a round bottom 96-well plate. Spheroids were allowed to form for 48 h and 100 μl of invasion matrix was added to each well to evaluate the invasiveness of the clones. Images of the spheroids were taken at 24 h intervals for 3 days. ImageJ was used to calculate the surface area of the spheroids at 0 and 72 h of invasion. Increase in the surface area was calculated relative to images taken before invasion matrix was added.

RESULTS {#SEC3}
=======

14-3-3 binds and colocalizes with DNMT1 post-DNA replication {#SEC3-1}
------------------------------------------------------------

To search for a reader of DNMT1pSer143 modification, we synthesized a biotin-tagged peptide encompassing the amino acids 132--150 of DNMT1 with phosphorylated Ser143 in the center and screened with a protein domain microarray, that harbored GST fusion proteins of 86 different phospho-serine/-threonine binding domains, to identify potential readers ([@B24]). The screen identified that the family of 14-3-3 proteins, including β, ϵ, γ, σ and ζ homologues, were able to bind the Ser143-phosphorylated peptide with varying affinities (Figure [1A](#F1){ref-type="fig"}). Furthermore, we performed an *in vitro* GST pull-down assay to establish that full-length DNMT1 and 14-3-3 proteins indeed interact. Purified GST-fusions of 14-3-3β, ϵ, γ, σ and ζ proteins were incubated separately with purified recombinant phosphorylated full-length DNMT1, and the pulled-down protein fraction was western blotted with anti-DNMT1 antibody. 14-3-3γ and β were the strongest binders among all homologues, although others were also able to bind DNMT1 with different affinity (Figure [1B](#F1){ref-type="fig"}).

![14-3-3 binds and colocalizes with DNMT1. (**A**) Binding of DNMT1pSer143 peptide to a phospho-Serine/Threonine protein domain microarray to identify potential readers. The array contains the 14-3-3, 14-3-3-like, WW/SRI, BIR, POLO Box, MH2, WD40, FHA and BRCT domains fused to GST. Binding of biotin-tagged DNMT1pSer143 peptide to the array revealed 14-3-3 homologues as binding partners. The biotinylated peptide binding was detected using streptavidin --Cy3. An image of the full microarray is shown in Supplementary Figure S1A. (**B**) Recombinant full length DNMT1 binds different GST-14-3-3 homologues. Ponceau staining of transferred proteins from the GST pull-down are shown along with western blot using anti-DNMT1. Densitometry measurements of different 14-3-3 homologues binding to DNMT1 are shown at the bottom of the western blot (arbitrary units). **C**) Co-immunoprecipitations (Co-IP) of DNMT1 and 14-3-3γ and ϵ. Molecular weight marker, anti-DNMT1, anti-14-3-3γ, and anti-IgG antibodies, are indicated at the top of the western blots (left panel). Anti-FLAG antibody was used for 14-3-3ϵ immunoprecipitation in EP12 stable cell line overexpressing FLAG-14-3-3ϵ (right panel). Antibodies used for protein detection, anti-14-3-3γ, ϵ and anti-DNMT1, are indicated at the right side of the western blots. **D**) Colocalization studies between DNMT1 and 14-3-3ϵ. Plasmids encoding DsRed-DNMT1 (red) and FLAG-14-3-3ϵ (green) were co-transfected in COS7 cells. Different cell cycle phases are indicated on right side. DNA staining was performed using DAPI (blue). Yellow spots (merge) represent the colocalization.](gkv1162fig1){#F1}

To validate if this interaction also occurs in cells, we performed co-immunoprecipitation and colocalization assays. In HEK293 cells immunoprecipitation (IP) with anti-14-3-3γ antibody was able to pull down DNMT1 along with 14-3-3ϵ. Reciprocal IP with anti-DNMT1 antibody was able to pull down 14-3-3ϵ and γ, but not by the control IgG antibody. The presence of both 14-3-3ϵ and γ suggested that DNMT1 might be able to bind both isoforms of 14-3-3 individually or as a heterodimer of 14-3-3γ and ϵ (Figure [1C](#F1){ref-type="fig"}, left panel). Further validation of 14-3-3ϵ and γ heterodimer interaction with cellular DNMT1 was tested in a NIH3T3 permanent cell line expressing FLAG-14-3-3ϵ. Immunoprecipitation using anti-FLAG antibody pulled down FLAG-14-3-3ϵ along with γ and DNMT1, confirming that DNMT1 also binds to heterodimer 14-3-3 species (Figure [1C](#F1){ref-type="fig"}, right panel).

We also validated the interaction between 14-3-3 proteins with DNMT1 by performing colocalization studies with 14-3-3 homologues, ϵ, β and γ. FLAG-14-3-3ϵ remained diffused throughout the cell, primarily cytoplasmic at G1, early and mid-S phase, but it displayed punctate nuclear pattern during late S-phase that colocalized with DsRed-DNMT1 (Figure [1D](#F1){ref-type="fig"}). During mid S-phase characteristic punctate pattern of colocalization between DsRed-DNMT1 and PCNA was observed, demonstrating replication coupled DNA methylation ([@B36]). Also, 14-3-3β and γ have similar nuclear colocalization with DNMT1 like that of 14-3-3ϵ (Supplementary Figure S1B). Although there was strong colocalization between 14-3-3 family proteins and DNMT1, a mutation of DNMT1S143A, that would abolish phosphorylation, resulted in poor colocalization of 14-3-3β/DNMT1 and 14-3-3γ/DNMT1 in late S-phase (Supplementary Figure S2).

We also validated that punctate DsRed-DNMT1 indeed represents DNMT1pSer143 enzyme species by evaluating immunocolocalization signals between DsRed-DNMT1 and anti-DNMT1pSer143 in the absence or presence of pSer143 competitor peptide. The signal of DNMT1pSer143 was identical and overlapped with the DsRed-DNMT1 and the competitor peptide blocked antibody signal (Supplementary Figure S3A). Furthermore, mutation of DNMT1S143A abolished the overlapping signals between DNMT1pSer143 and DsRed-DNMT1S143A (Supplementary Figure S3B). Therefore, combined observations from GST pull-down, colocalization and co-immunoprecipitation of both DNMT1 and 14-3-3 homologues suggest a physical interaction between the two proteins.

The DNMT1 Lys142-Ser143 is analogous to some histone modification patterns---for example, the 'methyl-phospho' cassette of histone H3 Lys9 and Ser10 ([@B37]). The 14-3-3 proteins have been shown previously to bind Ser10-phosphorylated H3 peptides ([@B38]). The sequence similarity between DNMT1 (RS**[KS]{.ul}**D**[G]{.ul}**E) and H3 (AR**[KS]{.ul}**T**[G]{.ul}**G) suggested that 14-3-3 proteins contact the Ser143-phosphorylated DNMT1 peptide in the same manner as 14-3-3 contacts Ser10-phosphorylated H3 peptides (Supplementary Figure S4).

Phosphorylation dependent binding between 14-3-3 and DNMT1 {#SEC3-2}
----------------------------------------------------------

14-3-3 proteins are known to bind a number of functionally diverse proteins that contain a phosphorylated serine or threonine residue. We therefore investigated if phosphorylation at Ser143 of DNMT1 is the primary determinant for binding to 14-3-3. Recombinant DNMT1 that is naturally phosphorylated at Ser143 ([@B15]) was treated with protein phosphatase PP1 that confers broad specificity towards phospho-serine/threonine. The PP1 treated and untreated DNMT1 was used for GST pull-down assay with 14-3-3γ. Increased concentration of untreated DNMT1 (phosphorylated in cell) showed a concentration dependent binding to 14-3-3γ whereas PP1 treated DNMT1 lost binding as revealed by anti-DNMT1pSer143 antibody (Figure [2A](#F2){ref-type="fig"}). Previously, we have identified AKT1 as the enzyme responsible for phosphorylation of Ser143 on DNMT1 ([@B15]). We therefore used AKT1 *in vitro* to phosphorylate GST fusion DNMT1 fragment encompassing the first 446 amino acids (GST-DNMT1 (1--446)) expressed and purified from *Escherichia coli* and performed binding experiments. Indeed, the phosphorylated GST-DNMT1 (1--446) showed robust binding to 14-3-3γ (Figure [2B](#F2){ref-type="fig"}). Since DNMT1pSer143 binds strongly to 14-3-3γ, we hypothesized that the DNMT1pSer143 in the complex would not be dephosphorylated by phosphatase PP1. To test our hypothesis, we incubated recombinant DNMT1 in the presence of 14-3-3γ first and then added PP1. As expected, PP1 was not able to dephosphorylate DNMT1pSer143 in the presence of 14-3-3γ *in vitro* (Figure [2C](#F2){ref-type="fig"}). To validate that 14-3-3 truly binds phosphorylated DNMT1 in the cell and blocks the phosphatase activity, we transfected 14-3-3ϵ, in the presence or absence of AKT1 and quantitated the phosphorylated DNMT1 in the cell extract. FLAG-14-3-3ϵ alone increased the level of DNMT1Ser143 phosphorylated species by two folds over FLAG control. Overexpression of AKT1 alone or AKT1 and 14-3-3ϵ also showed increased amounts of DNMT1pSer143 enzyme (Figure [2D](#F2){ref-type="fig"}). Furthermore, depletion of 14-3-3ϵ by siRNA led to decrease in DNMT1pSer143 species (Figure [2E](#F2){ref-type="fig"}). Therefore, the interactions between 14-3-3 and DNMT1pSer143 enzyme have profound effect on preservation of post-translational modification of DNMT1 or shield DNMT1pSer143 from dephosphorylation.

![14-3-3 protein bind and modulate phosphorylated DNMT1 levels. (**A**) Protein phosphatase 1 (PP1) impairs DNMT1 binding to GST-14-3-3γ. Presence (+) or absence (−) of PP1 with increasing amount of recombinant full-length DNMT1 (200, 400 or 600 ng) indicated on top of the western blots. Ponceau staining of transferred proteins from the GST pull-down are shown along with western blot using anti-DNMT1 or anti-DNMT1pSer143 antibody. (**B**) AKT1 kinase mediates DNMT1 binding to 14-3-3. GST-DNMT1 (1--446) phosphorylated (+, with ATP) or control (−, without ATP) with recombinant AKT1 kinase and incubated with different amounts of MBP-14-3-3γ recombinant protein is shown on top of the western blots. Antibodies against DNMT1, MBP and DNMT1pSer143 are indicated on the right side of the western blots. (**C**) 14-3-3 protein protect against DNMT1 dephosphorylation by PP1. Increasing amounts of recombinant full-length DNMT1 incubated with GST-14-3-3γ or control (GST) in presence of PP1 is shown at the top of the western blots. Ponceau staining of transferred proteins from the GST pull-down are shown along with western blot using anti-DNMT1 and anti-DNMT1pSer143. (**D**) Exogenous 14-3-3ϵ increases phosphorylation of DNMT1Ser143 by AKT1. Myc-MirAKT was transfected in COS7 cells in the presence (+) or absence (−) of 14-3-3ϵ as indicated on top. Antibodies used are indicated on the right side of the western blot. Densitometry analysis of DNMT1pSer143 was performed and shown as bar graphs below. (**E**) Depletion of 14-3-3ϵ by siRNA resulted in decrease DNMT1pSer143 protein. siRNA against GFP was used as the control. Antibodies used are indicated at the right side.](gkv1162fig2){#F2}

14-3-3 inhibits phosphorylated DNMT1Ser143 activity {#SEC3-3}
---------------------------------------------------

We further examined if the binding of 14-3-3 with phosphorylated DNMT1 enzymes would have any effect on the DNA methyltransferase activity. Saturating amount of GST-14-3-3γ fusion protein or GST protein alone was incubated with either the full length DNMT1 or a truncated form lacking the amino-terminus 580 amino acids (DNMT1Δ580). The DNMT1 activity of these complexes was assayed in the presence of hemimethylated substrate DNA and tritiated AdoMet. The full-length DNMT1 showed drastic reduction of its activity (∼50%) in the presence of GST-14-3-3γ compared to GST alone. DNMT1 lacking the phosphorylated region (DNMT1Δ580) did not show significant loss of activity, suggesting 14-3-3γ binding impedes full-length DNMT1 activity (Figure [3A](#F3){ref-type="fig"}).

![14-3-3 proteins bind and inhibit phosphorylated DNMT1. (**A**) 14-3-3γ blocks activity of full-length DNMT1 and not DNMT1Δ580 *in vitro*. DNMT1 activity in the presence of GST (blue) or GST-14-3-3γ (red) is shown. (**B**) Western blot analysis of DNMT1--14-3-3 complexes after immunoprecipitation with anti-FLAG antibody during cell cycle. Synchronization timing after release is indicated on top. (**C**) Specific activity of DNMT1 and binding affinity of 14-3-3 and DNMT1 during cell cycle in 14-3-3 overexpression clone. Shaded region indicates the inverse correlation between increased 14-3-3-DNMT1 binding and DNMT1 methyltransferase activity.](gkv1162fig3){#F3}

Since 14-3-3 impeded DNMT1 activity, and DNMT1--14-3-3 colocalization takes place following DNA replication, we attempted to understand the effect of their interaction on DNA methylation. Cell line overexpressing FLAG-14-3-3ϵ (EP12) was synchronized by double thymidine treatment. Cells were collected at various time points of cell cycle progression and DNA methyltransferase activity was measured using a hemimethylated oligonucleotide as a substrate. As the cells entered S-phase with active DNA synthesis, DNA methyltransferase activity increased (up to 10 h) and gradually decreased coinciding with end of DNA replication suggesting either degradation of DNMT1 or catalytic inactivation of DNMT1 (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). A gradual increase and plateau of enzyme activity was observed post-DNA synthesis. Western blot of total DNMT1 input suggested steady amounts of DNMT1 throughout the cell cycle. Since high percentages of DNMT1 during DNA replication are phosphorylated ([@B15]), we hypothesized that inhibition of enzymatic activity is due to DNMT1pSer143--14-3-3 binary complex formation. To test our hypothesis, we cross-linked synchronized cells at various time points and immunoprecipitated 14-3-3 and probed the blot with DNMT1 and 14-3-3 antibodies (Figure [3B](#F3){ref-type="fig"}). Indeed, densitometry analysis demonstrated an increase in the formation of DNMT1 and 14-3-3 binary complexes between 10 and 16 h post release and peaked at 18 h, and this increased 14-3-3-DNMT1 binding inversely correlated with methyltransferase activity (Figure [3C](#F3){ref-type="fig"}). The input samples did not show increase in 14-3-3 or DNMT1 levels during the cell cycle (Figure [3B](#F3){ref-type="fig"}).

Overexpression of 14-3-3ϵ leads to aberrant DNA methylation {#SEC3-4}
-----------------------------------------------------------

Overexpression of 14-3-3 in human carcinoma is well documented ([@B39],[@B40]). Furthermore, aberrant DNA methylation of CpG islands and genome hypomethylation is a hallmark of various carcinomas. If 14-3-3 overexpression facilitates the impediment of DNMT1 activity, we hypothesized that this may result in aberrant DNA methylation and possibly hypomethylation of the genome. To test our hypothesis, we used synchronized permanent NIH3T3 cell lines expressing FLAG-14-3-3ϵ along with FLAG vector control. Overexpression of 14-3-3ϵ led to a significant decrease of DNMT1 specific activity (50%) post-DNA replication, while no changes of DNMT1 protein level was detected between clones overexpressing 14-3-3ϵ and clones expressing the vector control (Figure [4A](#F4){ref-type="fig"}). We then isolated genomic DNA from unsynchronized cells and performed nucleoside analysis to determine the global change in 5mC levels. Cell lines overexpressing 14-3-3ϵ were indeed hypomethylated (∼10% average 5mC methylation decrease in seven different clonal isolate) compared to the control cell lines (six different clonal isolate with control plasmid; Figure [4B](#F4){ref-type="fig"}, left panel). To rescue hypomethylated genome, we transfected EP10 or EP12 clone with wild-type *DNMT1* and performed global 5mC level analysis in the genomic DNA. Indeed, after two rounds of transfection both cell lines gained methylation similar to 5mC levels (∼3.5% of total C) as that of parental cell lines (Figure [4B](#F4){ref-type="fig"}, right panel). These results strongly suggest that the decrease in 5mC levels in 14-3-3 overexpressing clones is due to DNMT1 inhibition. We further performed reduced representation bisulfite sequencing (RRBS) to determine methylation changes between 14-3-3ϵ overexpressing and control genomes. Indeed, we identified about 11 000 differentially methylated regions (DMR), and the hypo versus hypermethylated ratio was about 2:1 (Figure [4C](#F4){ref-type="fig"}). Analysis of the genic region methylation between −5 kb transcription start and +5 kb transcription termination showed transcription start site and gene body hypomethylation in 14-3-3ϵ overexpressing clones (Figure [4D](#F4){ref-type="fig"}). The hypomethylation was pronounced in coding and intronic regions of the genes (Supplementary Figure S5). Similarly, CpG islands, particularly those in the promoter and gene body were also hypomethylated (Supplementary Figure S6). Overall all repetitive elements were hypomethylated (Figure [4E](#F4){ref-type="fig"}). Further analysis revealed that LINE, SINE and LTR elements were hypomethylated while satellites were hypermethylated (Supplementary Figure S7). These results suggest that 14-3-3 proteins can induce hypomethylation in general, and regional hypermethylation, which may influence gene expression.

![14-3-3 overexpression hypomethylates genome. (**A**) DNA methylase assay showing reduced DNMT1 specific activity in NIH3T3 stable clonal cell lines overexpressing 14-3-3ϵ. Activity was measured from two control clones (C2 and C3) and two overexpressing clones (EP10 and EP12) using hemimethylated DNA substrate. Asterisk indicates *P* value less than 0.01 by *t*-test. Lower panel are western blots showing expression level of DNMT1 in the stable clones. (**B**) Global methylation level of stable clones measured by LC/MS (left). Data shown are from seven control clones and six 14-3-3ϵ stable clones. Global methylation level of stable clones transfected with full-length DNMT1 (right). *P* value is obtained by *t*-test. (**C**) Volcano plot showing the overall differential methylation profile of 5-kb tiles in the genome determined by RRBS. Differentially methylated region with a *q*-value \< 0.01 are considered significantly different. (**D**) Differential methylation profile of genes (−5 kb transcription start site (TSS) to +5 kb transcription termination (Ter)). (**E**) Differential methylation profile of general genomic repetitive elements. Data shown are median value of two clones at each relative position (D and E).](gkv1162fig4){#F4}

14-3-3 activates tumorigenesis gene expression {#SEC3-5}
----------------------------------------------

Since the genome of 14-3-3ϵ overexpressing cell lines were hypomethylated in both CpG-island containing genes and repetitive DNA elements similar to cancer epigenome characteristics, we examined the transcription profile to determine the outcome of altered epigenome. Two individual 14-3-3 overexpressing clones (EP10 and EP12) were compared with two control clones (C2 and C3). Gene-wise dispersion analysis indicated good fitting of the expression values to the negative binomial distribution model used in RNA-seq data analysis (Supplementary Figure S8A). Also, clustering of the control and 14-3-3 overexpressed clones in different branches of the dendrogram generated using the Euclidean distance between samples indicated the successful differentiation of control and overexpressing clones using this model (Supplementary Figure S8B). The heat map between C2 and C3 or EP10 and EP12 were similar, suggesting clonal similarity of gene expression. However, comparison of gene expression between C2, C3 versus EP10, EP12 suggested significant differences (Supplementary Figure S9). Indeed, quantitative qPCR assay on selected genes validated the same trend of gene expression difference between 14-3-3ϵ overexpressing and control clones (Supplementary Figure S10). With adjusted p-value threshold of 0.01, we found 413 genes were upregulated and 252 genes were downregulated. The ratio between up and downregulated genes was about 2:1, correlating with hypo and hypermethylation of the genes (Figure [5A](#F5){ref-type="fig"}).

![14-3-3 overexpression affects gene expression. (**A**) MA plot of RNA-seq data showing upregulated (blue) and downregulated (red) genes. (**B**) Gene ontology analysis on upregulated genes.](gkv1162fig5){#F5}

Gene ontology analysis suggested strong representation of cell migration and invasion pathway specific and facilitating genes, and among the upregulated genes the prominently enriched pathways were cell migration, mobility, proliferation and adhesion (Figure [5B](#F5){ref-type="fig"}). These multi-step processes play key roles in the progression of various diseases including cancer, atherosclerosis and arthritis. For example, one candidate gene in cell invasion pathway, Integrin-Linked Kinase (ILK) was overexpressed in 14-3-3 overexpressing cell lines. It has been documented that ILK overexpression indeed results in oncogenic transformation and progression to invasive and metastatic phenotypes ([@B41]).

Association of aberrant DNA methylation with differential gene expression {#SEC3-6}
-------------------------------------------------------------------------

To demonstrate that the changes in gene expression observed with overexpression of 14-3-3 are due to, or partially resulting from companion aberrant DNA methylation, we correlated the gene expression data with DNA methylation data in the context of gene promoters and gene body. Log~2~ fold change of gene expression values were correlated with differential CpG methylation levels in the promoter or gene body regions in the 14-3-3ϵ overexpression versus the vector control cell lines using Spearman\'s rank correlation and only genes showing significant expression change (adjusted *P*-value \< 0.01) and significant CpG methylation change (*q* \< 0.05) were included. The Spearman\'s rank correlation coefficients were −0.149 and −0.137 in the context of promoter and gene body, respectively. The Spearman\'s correlation coefficients and the p-value of correlation (0.026 and 0.003) indicate a significant negative association of gene expression with CpG methylation in the promoter and gene body region (Figure [6A](#F6){ref-type="fig"}).

![Correlation of promoter and gene body DNA hypomethylation with elevated gene expression. (**A**) Genome-wide correlation of DNA methylation and gene expression profile. Correlation analysis was carried out using Spearman\'s rank correlation test. A linear regression line was also drawn when plotting, and the shaded area represents the 95% confidential area of linear regression. Left, correlation of gene expression with promoter CpG methylation. Right, correlation of gene expression with gene body methylation. (**B**) CpG methylation (upper half) and gene expression (lower half) track of four representative genes displaying hypomethylation and elevated expression.](gkv1162fig6){#F6}

We choose four genes that showed elevated expression in 14-3-3 overexpressed cell lines and examined their DNA methylation profile and correlated with gene expression. *Cxcl12*, chemokine (C-X-C Motif) ligand 12, functions as the ligand for the G-protein coupled receptor and participates in tumor growth and metastasis. We observed significant hypomethylation in 20 CpG sites at the 5′ of the transcript by an average of 26% and the gene expression level was increased ∼100-fold (Figure [6B](#F6){ref-type="fig"}, *Cxcl12*; Supplementary Figure S10). Similarly, *Synpo* gene encoding synaptopodin, an actin-associated protein that participates in actin-based cell shape formation and cell motility, was found significantly hypomethylated at seven CpG sites in the 5′ of the gene body by an average of 38% correlating with increased gene expression (Figure [6B](#F6){ref-type="fig"}, *Synpo*; Supplementary Figure S10). An adhesive glycoprotein thrombospondin 1 gene, *Thbs1*, that mediates cell-cell and cell-matrix interactions, was also found significantly hypomethylated in the 5′ of the gene body in four CpG sites by an average of 14% correlating with increased gene expression (Figure [6B](#F6){ref-type="fig"}, *Thbs1*; Supplementary Figure S10). Similarly, cell cycle progression gene, *Rgcc* involved in cell invasion ([@B42]), showed CpG hypomethylation across the promoter and gene body region. 15 CpG sites in the 5′ of the gene body showed an average demethylation of 36%, associated with an increased gene expression (Figure [6B](#F6){ref-type="fig"}, *Rgcc*; Supplementary Figure S10).

To unequivocally establish that *Cxcl12*, *Synpo*, *Rgcc*, *Dnaja4*, *Zhx1* and *Thbs1* gene expression is regulated by DNA methylation, we quantitated their expression levels in 5mC rescue experiment. Indeed, all the above genes that displayed higher expression in the presence of 14-3-3 were down regulated by DNMT1 transfection (Supplementary Figure S11). These data proves that additional DNMT1 in the cell can titer the 14-3-3 mediated DNMT1 inhibition and not only rescue DNA methylation, but also impose gene repression.

Genome hypomethylation and cell invasion in 14-3-3 overexpressed cell lines {#SEC3-7}
---------------------------------------------------------------------------

Since 14-3-3ϵ overexpression leads to genomic hypomethylation, particularly on promoter and gene body of cell invasion specific genes and influenced their expression, we performed an *in vitro* cell invasion assay to determine its phenotypic effect. Parental cell line NIH3T3, four control (C1, C2, C3, C4) and five 14-3-3ϵ overexpressing cell lines (EP1, EP3, EP10, EP11, EP12) were chosen and 3D spheroid cell invasion assay was performed. Visual inspection of the spheroids showed extensive invasion by the 14-3-3ϵ overexpressing clones compared to the controls at 72 h in invasion matrix (Figure [7A](#F7){ref-type="fig"}). We observed a significantly higher increase in the surface area of the spheroids formed by 14-3-3ϵ overexpressing clones compared to either parent (3T3) or control cell lines (C1, C2, C3, and C4) (Figure [7B](#F7){ref-type="fig"}). These results supports the hypomethylation associated with invasion specific genes particularly in invasive spheroid.

![14-3-3 overexpression promotes cell invasion. (**A**) Images of spheroids formed by control (3T3, C1, C2, C3 and C4) and 14-3-3ϵ overexpressing clones (EP1, EP3, EP10, EP11 and EP12) at 0 h of invasion (48 h post-seeding into spheroid formation matrix) are shown on the left and at 72 h of invasion on the right. (**B**) Quantitative presentation of increased surface areas of the spheroids at 0 and 72 hrs.](gkv1162fig7){#F7}

Cancer tumors overexpresses 14-3-3 {#SEC3-8}
----------------------------------

Cancer genome is known to be hypomethylated. Therefore, we investigated the correlation between 14-3-3 overexpression and various cancers by analyzing patient data from TCGA database ([@B43]). 14-3-3 homologues expression was altered in several major cancer types with either mutation or copy number variation and a majority of the changes representing increased copy numbers (Figure [8A](#F8){ref-type="fig"}). The percentile of patients with increased copy number of 14-3-3 ranges from 20% to 40% in uterine, ovarian, bladder, liver and breast cancer (Figure [8A](#F8){ref-type="fig"}). Remarkably, the alteration of 14-3-3 genes expression is significantly correlated with the reduced survival time of breast cancer patients (log-rank test, *P* \< 0.0043, Figure [8B](#F8){ref-type="fig"}).

![14-3-3 overexpression is correlated with reduced patient survival time and repetitive elements hypomethylation in breast cancer. (**A**) Bar plot showing the frequency of 14-3-3 homologues alteration in major cancer types. (**B**) Kaplan--Meier curve showing the effect of 14-3-3 expression on the survival rates in breast cancer patients. (**C**) OncoPrint plot showing percentage of breast cancer patients with altered mRNA expression of 14-3-3 homologues. (**D** and **E**) Negative correlation of LINE and LTR methylation with 14-3-3ζ expression levels in breast cancer patients.](gkv1162fig8){#F8}

By detailed analysis, we observed that 14-3-3ζ was the most affected homologue in breast cancer patients with increased expression (Figure [8C](#F8){ref-type="fig"}). Thus, it is possible that increased 14-3-3 expressions could reduce CpG methylation in breast cancer by directly binding with DNMT1 and impacting DNA methyltransferase activity. When we correlated 14-3-3ζ expression (RNA-seq Ver2 data) with CpG methylation level of the major genomic elements (Illumina Infinium 450K array data) of the breast cancer patients, we found negative correlation between 14-3-3ζ expression levels to the DNA methylation level in LINE and LTR elements (Pearson\'s correlation, p \< 0.05, Figure [8D](#F8){ref-type="fig"} and [E](#F8){ref-type="fig"}). This observation is in agreement with our cell line data, in which we also observed that overexpression of 14-3-3ϵ resulted in LINE and LTR hypomethylation in NIH3T3 cells (Supplementary Figure S7).

DISCUSSION {#SEC4}
==========

Signaling pathways in mammalian cells are responsible for converting environmental cues into discrete intracellular events. The alteration of existing proteins by post-translational modification (PTM), such as serine or tyrosine phosphorylation is a key feature of signal-transduction pathways that allows the modulation of protein function affecting cellular processes ([@B44]). In mammalian nuclei the majority of epigenetic information are encoded in the chromatin and processed by well-choreographed post-translational modification of histones that changes chromatin structure and regulates gene expression. Extracellular signals for DNA damage or cell division induces histone phosphorylation. Phosphorylation of histones leads not only to the binding of specific reader proteins but also alters the affinity for readers or writers of other modifications. This allows crosstalk between different chromatin modifications for spatio-temporal control of chromatin-associated events ([@B45]). In the past years non-histone proteins, particularly pRB, ERα, p53, G9a and DNMT1 were shown to be modified and their function regulated by post-translational modifications ([@B15],[@B46]--[@B48]). For example, the unmodified status of pRb K810 in the conserved residue SPXK is essential for the recognition and phosphorylation of pRb by cyclin/Cdk. The lysine methyltransferase Set7/9 could methylate K810 and impede the binding of pRb with Cdk, which prevents phosphorylation of the associated serine residue and retain pRb in the growth-suppressing state ([@B49]). Indeed, the availability of the lysine residue for lysine methyltransferases can also be regulated by post-translational modifications at the residues surrounding the lysine residues ([@B50]).

A similar cross-talk between post-translational modifications of DNMT1 was observed previously. Methylation of K142 on DNMT1 by SET7 methyltransferase renders it to rapid ubiquitin-mediated degradation and this mechanism is blocked by phosphorylation of adjacent S143. The phosphorylated form of DNMT1 is abundant during DNA synthesis phase and is more stable compared to the K142 methylated DNMT1; suggesting that phosphorylation of DNMT1 may be a major event associated with maintenance of DNA methylation by DNMT1. Here we have discovered that 14-3-3 scaffold proteins are readers of DNMT1pSer143 and can influence its activity by binding. 14-3-3 proteins exist as homo or heterodimer in the cell and bind to DNMT1pSer143 species as a homo or heterodimer. Both 14-3-3 γ and ϵ were found to be immunoprecipitated with cellular DNMT1. Binding of 14-3-3 dimers is known to alter the conformation, prevent interaction, localization or accessibility of the target protein to other biological macromolecule. Indeed, in an *in vitro* DNA methyltransferase assay, addition of 14-3-3 to DNMT1 resulted in inhibition of its catalytic activity. Furthermore, crude extract from 14-3-3 overexpressing clones had diminished DNMT1 activity concurrent with a reduction in total 5mC in the genomic DNA. Overexpression of exogenous DNMT1 in 14-3-3 overexpressing clones resulted in rescue of 5mC content of the genome to comparable levels as observed in control clones, demonstrating a titration effect of 14-3-3 by additional DNMT1. In a recent study, CK2 was shown to phosphorylate endogenous DNMT3A at amino acids S386 and S389 located near its PWWP domain resulting in lowering of enzymatic activity for DNA methylation ([@B16]). The affected sequences are repetitive DNA, most notably Alu SINEs. Furthermore, CK2-mediated phosphorylation of DNMT3A is required for its heterochromatic localization ([@B16]). Therefore, both DNMT1 and DNMT3A activities may be regulated by cell signaling-mediated phosphorylation. To exclude the possibility that overexpression of 14-3-3 affects DNA methylation through modulating of DNMT3A/3B activities, we performed a sequence homology search using the consensus binding sequence of 14-3-3 (\[A/R\]\[R/S\]KS\[T/D\]G\[G/E\]), and didn\'t discover any in DNMT3A or DNMT3B sequences. Thus it is probable that the regulation of DNA methylation by 14-3-3 is solely through its interaction with DNMT1. Since the rescue of DNA methylation occurred by exogenous DNMT1 expression, it is plausible that DNMT1 is the primary driver (Figure [4B](#F4){ref-type="fig"}).

Genomic DNA methylation analysis by RRBS of 14-3-3ϵ overexpressing clones suggested hypomethylation of genes that are essential for cell adhesion, migration, mobility and focal adhesion. Correlating well with hypomethylation of these genes, their transcription also increased, suggesting a mechanism of 14-3-3 mediated cell invasion by alteration of the epigenome. Indeed, epigenome alteration is associated with almost all carcinoma with a signature of global hypomethylation of the genome including the repetitive DNA. In a clinical study, seventy-one of 114 patients (62.3%) had a significant increase of 14-3-3ϵ expressions in hepatocellular carcinoma tissues, whereas normal tissues expressed weak or undetectable 14-3-3ϵ ([@B51]). In the same study, an elevated 14-3-3ϵ expression was significantly associated with shortened overall survival and progression-free survival. Furthermore, overexpression of 14-3-3ϵ increased the risk of metastasis by 4.6-fold ([@B51]). In another patient study, 14-3-3ϵ, ζ and θ were specifically expressed in meningioma, and their expression levels correlated with the increase of pathological grade of meningioma. Furthermore, 14-3-3ϵ, ζ and θ may be involved in tumorigenesis of meningioma and predictor for the degree of malignancy in meningioma ([@B52]).

Although the molecular mechanisms of 14-3-3-mediated carcinogenesis are poorly understood, there are multiple lines of evidence of their binding to various proteins with oncogenic potential, including member of Raf kinase family. In a SCID mice study, 14-3-3γ transfected NIH3T3 mouse fibroblast cells developed tumor and both MAP kinase and PI3K signaling pathways were shown to be essential for transformation ([@B53]). Altered interaction of 14-3-3 family of proteins in signaling pathways associated with cell proliferation, cell migration, and epithelial-to-mesenchymal transition can lead to tumorigenesis. In our study, we describe the changes in epigenome mediated by 14-3-3 scaffold proteins by directly modulating DNMT1 enzyme activity and thereby altering the transcription of key genes associated with cell invasion and cancer. These observations suggest a possible role of 14-3-3 proteins in altered cell signaling *via* regulation of DNMT1 activity leading to oncogenesis. Since 14-3-3 associates with multiple phosphorylated proteins, it could also work in a parallel pathway, inactivating repressors of gene expression, leading to changes in epigenome landscape and increased transcription, resulting in cell invasion and cancer.
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